Transmission electron microscopy of otoliths from the inner ear of arctic charr and pike has revealed the presence of fine banding on the scale of several nanometers. The thickness of the bands was observed to vary in different portions of the sample, and some areas were not banded. EDS analysis could not detect chemical differences within the bands, but electron diffraction showed that the crystallographic orientation of the bands is related by a lattice mismatch. Previously, banding on the scale of 50 to 100 microns was observed by SEM in otoliths from arctic charr and was attributed to seasonal variations in growth. The fine-scale banding observed in this study, however, is unlikely to represent a daily variation. Electron diffraction from the pike samples shows that the material is composed of CaC03 having the both the vaterite and aragonite structure, and hydrous CaC03 was also observed. The large-scale banding previously identified by SEM was not observed in the TEM despite attempts to intersect the boundaries of the micron-sized layers.
INTRODUCTION
Otoliths are calcified structures from the inner ear that frequently exhibit a treering-like or banded appearance in the optical microscope. They are composed of alternating annuli of aragonite (CaC03) separated by thin bands of protein. The annuli are thought to represent seasonal variations in the life history of the fish [I ,2]. The width of this banding is typically on the order of 40 pm and most otoliths have a non-banded core up to 100 pm in diameter. Each annulus is composed of a bright and a dark band as observed in reflected light. The bright band is thought to represent a period of summer growth and the dark band corresponds to winter growth when the nutrient supply is diminished [3]. The physical origin of the contrast is not known but it is possible that the dark bands may contain a higher concentration of organic material. Gauldie and Nelson [4] identified finer annuli approximately 2 pm in thickness and proposed that these represent daily growth increments.
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Arctic charr begin life as freshwater fish in the lakes of Northern Canada. Upon reaching an age of approximately five years some of them may migrate to the ocean for the first time. They subsequently migrate back and forth, spending their summers in the ocean and wintering in the freshwater environment [3]. These fish are referred to as anadromous. Others of the same species spend their entire life in the lakes and never migrate into the ocean, and are described as non-anadromous. These two types cannot be distinguished on the basis of morphological differences, although on average the anadromous types tend to be larger [3]. The distinction has previously been made by monitoring fish returning from the sea or, in one case, by the use of parasite "tags" [5] .
More recently, it has been demonstrated that chemical analysis of otoliths from these fish can be used to identify anadromous individuals through variations in calcium, strontium, and fluorine content [1, 2] . Pike are exclusively freshwater fish but the largescale banding is similarly related to annual growth increments.
Recently, it has been demonstrated that the annuli are distinctive in terms of their trace-element concentrations. Particularly, Halden et al. [2, 3] showed by proton-induced X-ray emission (PIXE) analysis that the large-scale annuli were easily distinguishable on the basis of their Sr content. The optically light bands were found to be Sr-rich (170 ppm Sr) in contrast to the dark bands which contained less than 70 ppm Sr, on average. The light bands were therefore deposited while the fish was in a marine environment and the dark when the fish was wintering in the lake (the average Sr content in seawater is 8 ppm, in comparison to 0.1 ppm in freshwater).
The primary objective of this work was to conduct a more fine-scale investigation of the microstructure of otoliths from arctic charr and pike using transmission electron microscopy (TEM) techniques. TEM has not to our knowledge been previously applied to these materials, however, this technique is well-suited to address the following specific questions: 
EXPERIMENTAL
Otoliths were taken from Arctic charr from Lake Hazen on Ellesmere Island in the Canadian Arctic. Pike were retrieved from Eden Lake, Northern Manitoba, Canada. The otoliths were immersed in epoxy and sectioned longitudinally to expose the highest density of annuli using a diamond wafering blade. Copper grids were glued to the specimens and they were then hand polished to a thickness of approximately 15 pm. The samples were subsequently ion milled to perforation at liquid nitrogen temperature using 4 keV Ar" ions. If the perforated area did not intersect a well-banded area, as determined by optical microscopy, then the hole was enlarged until the thin area clearly contained the highly banded regions. The specimens were carbon coated to reduce charging and were then examined in a JEOL 2000FX or a Philips EM400 transmission electron microscope operated at 200 and 100 keV, respectively. Some of the samples were observed using a Gatan liquid nitrogen cooling stage to reduce possible specimen damage from electron-beam-heat ing effects.
RESULTS

Arctic Charr
The large-scale banding previously observed in SEM studies was not observed in the TEM. However, fine-scale banding was readily apparent in the bright-field images. This thickness of the bands varied from -10 to 100 nm (Fig. 1) . Heavily banded regions alternated with regions that contained little or no banding. Alternations between banded and non-banded areas Fig. 1 
Pike
The pike specimen was also found to be banded on the nanometer scale (Fig. 2) .
The average width of the bands was slightly larger than for the charr specimen. The nature of the banding was investigated by tilting the specimen and by using electrondiffraction. An typical diffraction pattern from the Pike sample is shown in Fig. 3 (top  panel) , corresponding to the [l 101 zone axis of the aragonite phase of CaC03. Other phases identified by electron diffraction include vaterite (hexagonal CaC03) and hydrated CaC03. Several zone-axis patterns were taken in different regions of the specimen to confirm these observations. At this point the relationship between vaterite and aragonite has not been determined but work is ongoing to determine if these phases predominate in the summer or winter bands.
Splitting was observed in the higher-order electron-diff raction maxima from the banded regions, indicative of a either a change in the lattice parameter across the boundary or the presence of an in-plane angle of rotation between the two bands. In either case there is a crystallographic offset across the boundary regions. To confirm this result, a selected-area electron-diff raction pattern was obtained across the boundary between a large band (-200 nm) and a more finely banded region, shown in Fig. 2 . In this case the degree of mismatch in the lattice orientation is almost 15 degrees. Tilting the sample confirmed the crystallographic nature of the banding, as the contrast from the different bands could be reversed depending on which bands were in the Bragg condition. An attempt to do high resolution microscopy across the boundary between two bands failed because the material was highly unstable under the necessary high-beam-current conditions. In fact, under the conditions necessary for high-resolution imaging the material converted almost entirely calcium oxide before the image could be exposed.
General observations
The TEM results lead to several further observations concerning the nature of the banding in both specimens. First, the nanometer-scale-banding is not oriented in random directions. Comparison to optical micrographs of the TEM specimens demonstrated that the banding is in fact parallel to the large-scale banding investigated previously. The banded regions alternated with non-banded regions typically on the scale of 1 to 5 microns. Some regions on the sample were more heavily banded than others. Areas corresponding to dark bands by reflected light had larger non-banded regions between smaller regions of banding, whereas the optically light bands tended to be more heavily banded on the nanometer scale. Figure 4 shows a boundary between a heavily banded region and an area that contains little or no banding in an otolith from arctic charr.
The specimens for both species were highly susceptible to electron beam damage, even when the sample was observed using a liquid nitrogen cold stage. In order to determine the mechanism responsible for the nucleation and growth of CaO, the time for complete conversion from single crystal CaC03 to polycrystalline CaO was measured using a range of electron beam energies and current densities. The CaC03-to-CaO conversion was monitored visually using electron diffraction, and the beam current density was estimated using a Gatan stage 
DISCUSSION
Previously, the large-scale banding equipped with a Faraday cup. For the 200 keV electrons, the dose to drive the transformation did not depend on the current density, within experimental error, suggesting that electron-beam heating does not contribute significantly to the damage in this case. This is consistent with the observation that the reaction was largely unaffected by cooling the sample. However, decreasing the beam energy decreased the observed dose for the formation of CaO, accounting for current density variations (Fig. 5) . The error bars on these analyses are -15%, and were estimated by repeating the experiment five times at 200 keV. Although the error bars are relatively large, the observed trend suggests that electron-electron interactions drive the precipitation of CaO, as observed, for example, in dental enamel (hydroxyapatite [7] ) and in natural fluorapatite [8].
observed in arctic charr samples was attributed to seasonal variations in nutrient availability [2,3], and it has been suggested that the thinner bands sometimes observed within the annuli may be attributed to shorter term environmental variations. A first question to ask, therefore, is does the nanometer-scale banding observed in this study correspond to daily variations? If we take the average band width to be 30 nm and the radius of the otolith to be 2 mm, under the assumption that two bands are deposited per day (one for the daytime and one at night), then the fish must live to an unrealistic age of approximately 90 years to grow the otolith. As the average lifespan of these species is approximately 15 years, the average band width would need to be nearly 200 nm. Additionally, daily variations do not explain the relatively large unbanded regions shown in Fig. 4 .
These results suggest that the origin of the nanoscale banding is related to the environment of the specimens, as suggested by the relative abundances of the bands from different regions of the sample. However, the development of the banding can be viewed as a mineralogical problem rather than a strictly biological one. One hypothesis for the higher concentration of finely banded regions in the optically light bands is that the incorporation of relatively high concentrations of impurity elements (e.g., Sr) causes lattice distortions in the CaC03 matrix. These may build up until a new orientation is nucleated. The large unbanded regions may then correspond to times when the impurity concentration or uptake was lower.
